Although urinary trypsin inhibitor (UTI) has been shown to inhibit tumor necrosis factor-α (TNF-α) production, the detailed mechanism(s) remains unclear. This study was undertaken to elucidate the molecular mechanism(s) underlying this inhibitory effect in monocytes in vitro and in rats given lipopolysaccharide (LPS). TNF-α production by monocytes stimulated with LPS (100 ng/mL) was inhibited by UTI at concentrations higher than 100 U/ml. Expression of early growth response factor-1 (Egr-1) and phosphorylation of extracellular signal-regulated protein kinases (ERK)1/2 in monocytes stimulated with LPS were inhibited by UTI. UTI (50,000 U/kg, iv) inhibited LPS (5 mg/kg, iv)-induced increases in lung tissue levels of Egr-1, TNF-α mRNA, and TNF-α in rats. UTI inhibited LPS-induced hypotension by inhibiting pulmonary induction of inducible nitric oxide synthase (iNOS).
INTRODUCTION
Septic shock is characterized by hypotension, hyporeactivity to vasoconstrictor agents, inadequate tissue perfusion, vascular damage, and disseminated intravascular coagulation (DIC) leading to multiple organ failure and death (2) . In Gram-negative sepsis, lipopolysaccharide (LPS) triggers the sepsis syndrome by activating monocytes to produce proinflammatory cytokines including tumor necrosis factor-α (TNF-α) (19) .
The excessive production of TNF-α in endotoxemia contributes to the induction of the inducible form of nitric oxide synthase (iNOS) in various cells including endothelial cells and smooth muscle cells, resulting in excessive formation of NO, which in turn causes hypotension and peripheral vasodilatation (25) . TNF-α also contributes to the development of various types of organ failure such as acute respiratory distress syndrome by activating neutrophils (10) . Activated neutrophils damage endothelial cells by releasing a wide variety of inflammatory mediators such as neutrophil elastase and oxygen free radicals that are capable of damaging endothelial cells (27) .
Urinary trypsin inhibitor (UTI) is one of the Kunitz-type protease inhibitors found in urine (9) . UTI is synthesized from inter-α-trypsin inhibitor through proteolytic cleavage by neutrophil elastase at the site of inflammation (6) . Various serine proteases such as trypsin, chymotrypsin, neutrophil FINAL ACCEPTED VERSION, H-00885-2004.R2 Page 5 elastase, and plasmin are inhibited by UTI (13) . Based on the multivalent nature of protease inhibition, UTI appears to prevent organ injury by inhibiting the activity of these proteases (14, 15) .
UTI has been shown to prevent LPS-induced hypotension and improve the survival rate in various animal models of sepsis (18, 24, 29) . Although Aosasa et al. (1) previously reported that UTI inhibited TNF-α production in LPS-stimulated monocytes, the detailed molecular mechanism(s) underlying this inhibitory effect remains to be elucidated.
In the present study, we analyzed the molecular mechanism(s) by which UTI inhibits TNF-α production in isolated human monocytes stimulated with LPS in vitro to determine whether UTI reduces LPS-induced hypotension by inhibiting TNF-α production in rats administered LPS. 
METHODS

Materials
UTI was a generous gift from Mochida Pharmaceutical Co. Ltd.
(Tokyo, Japan). One unit of UTI defines the amount of UTI that inhibits the activity of 2 µg of trypsin and is equivalent to 0.4 µg of UTI. LPS (Escherichia coli, serotype 055:B5) was purchased from Difco (Detroit, MI).
Antibodies against human extracellular signal-regulated protein kinases (ERK)1/2 and phosphorylated ERK1/2, were purchased from Cell Signaling Technology (Beverly, MA). Antibodies against early growth response factor-1 (Egr-1) and PU.1 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). All reagents used were of analytical grade.
In vitro experiments
Monocyte preparation and incubation
Peripheral blood mononuclear cells were isolated from the buffy coat obtained from a single healthy volunteer blood donor in one experiment as described previously (26) . Each experiment was repeated three times using Logan, UT) at 37ºC in a humidified 5% CO 2 incubator. Various concentrations of UTI were added to cells at 30 min before LPS (100 ng/mL) stimulation.
Measurement of TNF-α
Human monocytes (5 x 10 5 cells/assay) were stimulated with LPS in the presence or absence of UTI. Concentrations of TNF-α in culture media were determined using an enzyme-linked immunosorbent assay (ELISA) kit for human TNF-α (Biosource International, Camarillo, CA).
Western blot analysis
Human monocytes (2x10 6 cells/assay) were stimulated with LPS for various times in the presence or absence of UTI. Whole cell lysates were collected as described previously (31) . Samples containing equal amounts of protein were separated using SDS-PAGE and transferred to a polyvinylidene difluoride membrane. Membranes were incubated with appropriate antibodies against human ERK1/2, phosphorylated ERK1/2, PU.1, and Egr-1 at 4ºC overnight and subsequently with horseradish peroxidase-conjugated secondary antibody for 1 hour at room temperature. Specific proteins were visualized using an enhanced chemoluminescence system (Amersham Biosciences, Little Chalfont, Buckinghamshire, UK). Since the level and 
Cell Viability.
Isolated monocytes were stimulated with LPS in the presence or absence of UTI (1,000 U/ml). The number of monocytes was counted at 6 hours after stimulation with LPS. Cell viability was evaluated using the trypan blue dye exclusion method (26) .
Detection of DNA-binding activities of p65, c-Fos and Egr-1
Human monocytes (1x10 7 cells/assay) were stimulated with LPS for 1 hour in the presence or absence of UTI. Nuclear extracts were prepared as described previously (31) . DNA-binding activities of p65 and c-Fos were evaluated using an ELISA-based kit (Trans AM, Active Motif, Carlsbad, CA) as described previously (31 
In vivo experiments Animal model of LPS-induced hypotension
A non-lethal rat model of LPS-induced hypotension was produced as described previously (7) . The study protocol was approved by the Kumamoto University School of Medicine Animal Care and Use Committee, and the care and handling of the animals were in accordance with the guidelines of the National Institutes of Health. Specific pathogen-free male Wistar rats weighing 220 g to 280 g were obtained from Kyudo (Kumamoto, Japan). Hypotension was induced in rats by intravenous administration of 5 mg/kg LPS. UTI (50,000 U/kg) was administered intravenously at 30 min before or 15 min after LPS administration. Control animals were treated similarly except that they received saline instead of LPS. Animals given either saline or UTI survived for 7 days after LPS administration.
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Measurement of lung levels of TNF-α
Lung tissue levels of TNF-α were measured using an ELISA kit for rat TNF-α (Genzyme, Cambridge, MA) as described previously (7).
Isolation of RNA, and Northern blotting
Total RNA from rat lungs was prepared by the acid-guanidiumphenol-chloroform extraction procedure (8) . Northern blotting of iNOS mRNA and TNF-α mRNA was performed as previously described (8).
Western blot analysis of Egr-1 in the lung tissue
Whole cell extracts were prepared from lung tissue by homogenization in 10 mM Tris-HCl buffer (pH7.5) containing 400 mM NaCl, 1 mM dithiotheriotol, and 10% glycerol. The Tris buffer also contained phosphatase and protease inhibitors. Protein concentrations in the extracts were determined using a protein assay reagent (Bio-Rad Laboratories, Hercules, CA). Ten micrograms of protein was charged in each well, separated by SDS-PAGE, and transferred to a PVDF membrane. Western blotting analysis was performed as described above, using anti-rat Egr-1 antibody.
FINAL ACCEPTED VERSION, H-00885-2004.R2 Page 11
Measurement of lung level of iNOS activity
The lungs were removed from rats after perfusion with saline through the right cardiac ventricle and homogenized on ice in HEPES buffer (pH 7.5, 30 mM). Lung levels of iNOS activity were measured as described previously (7). 
Measurement of plasma levels of NO
Measurement of mean arterial blood pressure (MAP)
The right femoral artery was cannulated and connected to a pressure transducer for measurement of MAP. MAP equals the diastolic pressure plus one third of the pulse pressure, the difference between the systolic and diastolic pressure.
Data analysis
Data are presented as means ± SD. 
RESULTS
Effect of UTI on the production of TNF-α, and activation of nuclear factor-κB (NF-κB) and activator protein-1 (AP-1) in isolated monocytes stimulated with LPS in vitro
TNF-α production by isolated monocytes began to increase at 2 hours after LPS stimulation, peaking after 4 hours. TNF-α production by isolated monocytes observed at 4 hours after LPS stimulation was inhibited by UTI at concentrations of 100 and 1,000 U/ml ( LPS-induced increases in the specific binding of p65 and c-Fos to DNA, reflecting activation of NF-κB and AP-1, respectively, were unaffected by UTI (data not shown).
Effect of UTI on expression of Egr-1, binding activity of Egr-1 to DNA, and phosphorylation of ERK1/2 in isolated human monocytes stimulated with LPS in vitro
Egr-1 has been demonstrated to be an important transcription factor promoting TNF-α gene expression in monocytes stimulated with LPS (4).
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Intracellular levels of Egr-1 were increased in monocytes after LPS stimulation, peaking at 30 min after LPS stimulation (data not shown). UTI inhibited the increase of Egr-1 expression at 30 min after LPS stimulation (p<0.05) (Fig. 2A) .
Egr-1 binding to DNA was significantly increased in nuclear extracts at 1 hour after LPS stimulation compared with that seen in unstimulated cells. UTI significantly inhibited LPS-induced increase in the binding of Egr-1 to DNA at 1 hour after LPS stimulation (p<0.05) (Fig. 2B ).
Activation of ERK1/2 has been shown to induce transcription of TNF-α by increasing the expression of Egr-1 (3). Phosphorylation of ERK1/2 in monocytes was significantly increased after LPS stimulation, peaking after 15 min (data not shown). UTI inhibited the phosphorylation of ERK1/2 in monocytes at 15 min after LPS stimulation (p<0.05) (Fig. 2C) .
Effect of UTI on increases in lung tissue levels of Egr-1, TNF-α mRNA and TNF-α in rats given LPS
We attempted to determine whether UTI inhibits TNF-α production by inhibiting Egr-1 expression, thereby preventing hypotension in rats given LPS (5 mg/kg, iv). The lung is one of the major organs expressing a large amount of iNOS, an enzyme responsible for the development of septic shock (23) .
Lung levels of Egr-1 in rats were increased after LPS administration, peaking (Fig. 3) . Lung tissue levels of TNF-α mRNA began to increase at 30 min after LPS administration, peaking at 60 min, and gradually decreased to near basal levels at 180 min after LPS administration (Fig. 4A) .
UTI (50,000 U/kg, iv) inhibited increases in lung tissue levels of TNF-α mRNA observed from 30 to 180 min after LPS administration (Fig. 4A) . Lung tissue levels of TNF-α began to increase at 30 min after LPS administration, peaking at 90 min, and gradually decreased thereafter to near basal levels at 180 min after LPS administration (Fig. 4B) . UTI (50,000 U/kg, iv) inhibited increases in lung tissue levels of TNF-α from 30 to 120 min after LPS administration (Fig. 4B) .
Effect of UTI on increases in lung tissue levels of iNOS mRNA, iNOS activity, plasma levels of NO 2 -/NO 3 -and hypotension in rats given LPS
The expression of iNOS activity and iNOS mRNA in the lung began to increase at 90 and 60 min after LPS administration, respectively, and they continued to increase until 180 min after LPS administration (8) . UTI We previously demonstrated that anti-rat TNF-α antibody inhibited inflammatory responses leading to hypotension in rats given 5 mg/kg LPS (7), suggesting that inhibition of TNF-α production by UTI through inhibition of Egr-1 expression might contribute to reduction of hypotension. Furthermore, we previously showed that aminoguanidine, a selective inhibitor of iNOS, significantly inhibited the increases in lung iNOS activities and plasma levels of nitric oxide metabolites as well as hypotension (7), suggesting that iNOS might play a causative role in LPS-induced hypotension in the present study.
These observations strongly suggested that UTI might inhibit LPS-induced production of TNF-α by inhibiting activation of the ERK1/2-Egr-1 pathway in monocytes, thereby contributing to reduction of hypotension through inhibition of iNOS induction in rats given LPS.
TNF-α plays critical roles in the development of various organ failures including septic shock and DIC observed in sepsis (16) . We previously demonstrated that serum levels of fibrin degradation products were increased in rats given 5 mg/kg LPS (26) . Thus, inhibition of Egr-1 expression by UTI in vivo might be observed in the presence of coagulation abnormalities in the present study. We also previously demonstrated that coagulation abnormalities increased TNF-α production in rats subjected to hepatic reperfusion (17), In normal human subjects, the physiological concentration of UTI in serum ranges from 6 to 50 U/ml (3) and the concentration is increased to 150 U/ml after administration of 5,000 U/kg of UTI (21) . Since 100 U/ml of UTI inhibited TNF-α production in LPS-stimulated monocytes in vitro as shown in the present study, it is possible that the therapeutic dose (5,000 U/kg) of UTI inhibits monocytic TNF-α production in patients with sepsis.
In the present study, 50,000 U/kg of UTI, 10 times higher than the therapeutic dose of UTI in the clinical setting, was required to inhibit inflammatory responses and hypotension in rats given LPS. Yamaguchi et al. 
